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INTRODUCTION

With the recent development of the 4th generation
nuclear power plant, research on coupling the heat generated
from nuclear reactor to industrical process is receiving great
attention. Idaho National Laboratory (INL) has prposed
various research needs in the "Integrated Energy Systems:
2020 Roadmap" with the goal of industrial use of the high
temperature heat of 550 degrees or higher generated by the
advanced nuclear reactors [1]. A high-temperature heat
pipe-integrated Thermal Energy Storage (TES) research,
recently proposed by INL, to connect the emerging micro
nuclear reactors to the microgrid is in the same vein [8].
Texas A&M University (TAMU) and INL are collaborating
to develop and demonstrate a novel latent heat-based TES
design called HITB (Heat pipe-Integrated Thermal Battery).
HITB is a high-temperature TES system that stores and
transports heat as needed between advanced reactors (heat
source) and industrial processes (heat customers). The HITB
utilizes high-temperature heat pipes with a moving
mechanism for charging and discharging the heat. Figure 1
shows the design concept of the HITB system.

Fig. 1. Heat-pipe Integrated Thermal Battery (HITB): Key
Design Concept and Components[8].

As part of the small-scale experimental demonstration
research for HITB, experiments were performed to evaluate
the corrosion behavior between the candidate TES media
i.e., eutectic salts, and the internal metal structures. In
HITB, the use of metal foam structure is considered inside a
TES tank to overcome eutectic salts' poor heat transfer
characteristics. The TES tank wall is made of SS-316.
Considering the current target operating temperature of the
HITB, 450̵500℃, several eutectic salts having a melting
temperature near 450 ℃ were selected for the experiment.
Especially molten chloride salts and molten fluoride salts

are considered promising candidates due to their high
melting temperature, thermal stability, and high latent heat
of fusion. For the internal metal structure inside a TES tank,
copper and aluminum foam structures, which have high
thermal conductivity and large heat transfer area, were
selected and investigated as the candidate materials to
enhance the charging/discharging efficiency of the TES
medium [2]. In the literature, the corrosion studies have
been conducted with various eutectic salts on materials with
very high corrosion resistance regardless of their thermal
conductivity such as SS304, SS316, Hastelloy, Inconel 625,
and Incoloy 800H [3-6]. In addition, porous materials with
high thermal conductivity, made of such as copper and
aluminum, have only been tested in the fluids such as
paraffin or water at relatively low temperatures, but high-
temperature corrosion tests with various eutectic salts were
not performed yet.

In this study, we selected three different types of
fluoride and chloride eutectic salts, all of which have
melting temperatures around 450 ℃, and investigated the
corrosion behavior of the metal structures made of copper
and aluminum within the candidate eutectic salts.
Specifically, the high-temperature corrosion characteristics
of metal alloys, such as C10100 foam, C10100 plate, 6101
alloy foam, and SS316 plate, were investigated while
immersed in the candidate eutectic salts such as MgCl2-
NaCl, CaCl2-NaCl, and FLiNaK. The chemical
compositions of the specimens of SS316, C10100, and 6101
alloys are listed in Table 1. To quantify and compare the
corrosion behaviors of each metal, the corrosion rate
[mm/yr] and average mass loss [mg/mm2] were calculated
as follows [7]:

(1)

(2)

where K [-] is a constant (87,600), W [g] is the sample mass
loss, A [cm2] is the initial surface area of the sample, ρ
[g/cm3] is the density of the sample, and t [hours] is the
exposure time.

A total of 20 tests for SS316 coupons and ten tests for
C10100 coupons were performed to ensure the repeatability
of the present measurements. Since it is difficult to
completely remove the salt inside metal foam due to the
complex inner structure of the metal foam, only the surface
condition was observed with a microscopy and scanning
electron microscopy (SEM) image, except for measuring the



corrosion rate and average mass loss.

EXPERIMENTAL SETUP

The experiments were conducted in three candidate
molten salts, MgCl2-NaCl (43.1-56.9 mol%), FLiNaK
(46.5-11.5-42 mol%) and CaCl2-NaCl (52.1-47.9 mol %).
The MgCl2 (Sigma-Aldrich, 7786-30-3, > 98.0 %) and NaCl
(Sigma-Aldrich, 7647-14-5, >99%) salts for MgCl2-NaCl
mixture, and LiF Alfa Aesar, 7789-24-4, >98.5%), KF (Alfa
Aesar, 7789-23-3, >99%), NaF (Alfa Aesar, 7681-49-4,
>99%) for FLiNaK, CaCl2 (Sigma-Aldrich, 10043-52-4, >
97%) and NaCl (Sigma-Aldrich, 7647-14-5, >99%) salts for
CaCl2-NaCl mixture were used in this study. Salt
preparation was done in the glovebox. The glovebox
condition maintained an extremely low concentration level
of under one ppm of oxygen and moisture. The mixing
process took place in a glove box. Ar gas connection for
flushing was applied, and a high-temperature immersion test
was performed. C10100 foam, C10100 plate, Aluminum
Alloy 6101 foam, and SS316 plate were selected as the
samples for the metal form and casing candidates. Pores per
inch property for metal foams were selected at 20 PPI. Each
sample was washed with DI water in the ultra-sonicator and
rinsed in acetone. The samples were dried, the surface area

measured, and weighted using the scale of of
accuracy. The corrosion test for each coupon in each molten
salt was performed at 550̊C for a duration of 120 hours in
the furnace (2100W digital control melting furnace,
VEVOR). After the immersion test, each sample was
sonicated with DI water for 3 hours to remove the remaining
salts and rinsed with acetone (600W, 40kHz). The samples
were dried, weighted and calculated the corrosion rate using

the scale, which is of accuracy. Surface experiments
were observed before and after, and microscopic
morphologies were also performed using scanning electron
microscope(SEM).

TABLE I. Chemical compositions of the specimens (in
mass %)

C10100
Cu Ag Pb O As Sb

99.9
0.002

5
0.000

5
0.000

5
0.000

5
0.000

4
6101Allo

y
Al Mg Si

98.9 0.60 0.50

SS316

Fe Cr Ni Mn Mo Cu
58.23-73.6

1
16-18.

5
10-15 0-2 0-3 0-1

N2 Si S Ti P

0-0.1 0-1 0.35 0.7
0-0.04

5

TABLE II. Thermal properties of the specimens

Samples C10100 6101Alloy SS316

Melting point
[°C]

1082 588
1375-140

0
Thermal

conductivity
226 218 16.3

[W/m°K]

Thermal
expansion

[µm/µm/°C]
9.8 23 15.9

Results and Discussion

After 120 hours of 550 C corrosion test, we compared
surface on two chloride salts and fluoride salts (MgCl2-
NaCl, CaCl2-NaCl, FLiNaK) for the metal foam structures
(6101 Alloy, C10100). Fig. 2 shows the results of the
surfaces of C10100 foam and 6101 alloy foam before and
after. 6101 Alloy was most severely corroded in the case of
the foam tested in MgCl2-NaCl, followed by FLiNaK
corrosion, and the least surface roughness was not changed
in the case of CaCl2-NaCl. For MgCl2-NaCl, it is known
that the HCl gas generated due to the impurity generated by
the very strong hygroscopic properties of MgCl2 reacted
violently with the aluminum. In the case of C10100 foam, it
maintained a relatively better condition than 6101 Alloy in
all eutectic salts. However, the oxide film on the surface
disappeared, the surface roughness increased, and the string
of the foam structure was broken in the case of MgCl2-
NaCl. These findings confirmed that it was difficult to use
aluminum (6101 Alloy) in the form of metal foam to
improve the heat transfer characteristics of the thermal
storage medium designed for HITB. In the case of copper
(C10100), the metal structure used in CaCl2-NaCl was
visually confirmed to be the most corrosion resistant.

(a) 6101 Alloy foam
(before immersion test)

(b) 6101 Alloy foam in
CaCl2-NaCl

(c) 6101 Alloy foam in
FLiNaK

(d) 6101 Alloy foam in
MgCl2-NaCl



(e) C10100 Alloy foam
(before immersion test)

(f) C10100 Alloy Foam in
CaCl2-NaCl

(g) C10100 Alloy Foam in
FLiNaK

(h) C10100 Alloy Foam in
MgCl2-NaCl

Fig. 2. Initial and corrosion-tested metal form coupons
Corrosion rate and average mass loss

Table I shows the initial surface areas, masses, final
masses, average mass losses, and corrosion rate of metal
plates (C10100, SS316) in the CaCl2-NaCl mixture. The
average corrosion rates of C10100 and SS316 in CaCl2-
NaCl salts at 550 C for 120 hours are 0.768 and 0.680,
respectively.

TABLE III. Coupon data
C10100 SS316

Surface area [cm2] 0.839 0.923
Initial mass [g] 0.279 0.281
Final mass [g] 0.272 0.275

Average mass loss
[mg/cm2]

9.366 7.443

Corrosion rate
[mm/yr]

0.768 0.680

Microscopic observations

Figure 3 (a) and (b) represent the morphologies of the
SS 316 surfaces before and after the immersion test using
CaCl2-NaCl salts. Fig. 3(b) shows the rough surface with
various holes. As shown in Fig. 4, In the C10100 foam
structure immersed in CaCl2-NaCl, holes of less than one
μm were found. In MgCl2-NaCl, holes, and cracks over 2um
were found, and in FLiNaK, holes over 2um were found. In
the 6101 alloy foam structure in Fig. 5, much larger holes
were formed on the surface than in the case of the previous
C10100. The roughness of the surface information makes it
difficult to illustrate how the metal of the corrosion test has
changed. The results, however, plainly reveal that corrosion
has occurred on the surface.

(a) before (b) after
Fig. 3. SEM images of SS 316 plate before and after

immersion in salts, CaCl2-NaCl

(a) before (b)

(c) (d)
Fig. 4. SEM images of C10100 foam structure (a) before
and after immersion in salts, (b) CaCl2-NaCl, (c) MgCl2-

NaCl, (d) FLiNaK

(a) before (b) after
Fig. 5. SEM images of 6101 Alloy foam structure (a)
before and (b) after immersion in salts, CaCl2-NaCl

Selection of thermal energy storage medium

Table IV examines each eutectic salt mixture's thermal
characteristics, cost, and corrosion of porous structures. The
operating temperature range for HITB is 450-500 degrees
Celsius. The larger the latent heat of fusion and specific heat
capacity, the larger the thermal energy storage. Furthermore,
the higher the thermal conductivity, the smaller the
temperature gradient that can be efficiently charged and
discharged, increasing total system efficiency. The price of
salts is also an essential factor to be considered for
economic feasibility. Furthermore, eutectic salts should be



chosen with the corrosivity-resistance of the porous
structure in order to increase the designed thermal
conductivity in the HITB system in consideration. FLiNaK
and FLiBe, famous for fluoride salts, are good candidates,
but due to the sharp rise in the price of LiF recently, they are
excluded for economic reasons to be applied to large-
capacity thermal energy storage. On the other hand, chloride
salts are very cheap and easy to obtain, have a high melting
temperature, and have a high latent heat of fusion, so they
are recently in the spotlight as a phase change material.
However, because of the hygroscopic nature of chloride
salts, HCl gas due to impurity is easy to be released and is
particularly vulnerable to corrosion. As a result of
comparing MgCl2-NaCl and CaCl2-NaCl, CaCl2-NaCl salts
might be chosen as the most reasonable mixture for HITB in
this study.

TABLE IV. Eutectic salts mixtures and properties [2, 8]

FLiNaK
MgCl2-
NaCl

CaCl2-
NaCl

xA-xB-(xC)
(mol %)

46.5-11.5
-42

43.1-56.9 52.1-47.9

Tm (°C) 454 450 504
ΔHfusion

(kJ/kg)
187.7 431 265

Thermal
conductivity

(W/m K)
0.80 - 1.02

Specific heat
capacity

(kJ/kg K)
1.88 0.91 0.84

Cost ($/kg) 450 6.55 9.89
Corrosion
for C10100

medium high low

SUMMARY

In this study, immersion tests were conducted on three
candidate molten salts, MgCl2-NaCl (43.1-56.9 mol%),
FLiNaK (46.5-11.5 mol%), and CaCl2-NaCl (52.1-47.9
mol%) mixtures, with different metal foam candidates. 550
°C corrosion tests of C10100, 6101 Alloy, and SS316 were
performed for 120 hours and compared by investigating the
corrosion rate, average mass loss, and microscopic
observation. The average corrosion rates of C10100 and
SS316 in CaCl2-NaCl salts at 550 °C for 120 hours are
0.768 and 0.680, respectively. As a result of observation for
SS316 with SEM, rough surfaces with various sized holes
were found. As a result of examining thermal properties,
cost, and corrosion behavior, the C10100 metal foam
structure in CaCl2-NaCl was observed as the most suitable
salts-metal foam material combination in this study.
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